ABSTRACT: Eight Thoroughbred horses were used to examine the effects of grass hay intake on the fiber digestion and the retention time of digesta in the total gastrointestinal tract and the hindgut segments. The horses were randomly assigned to 2 groups and offered 2.0 (high intake [HI]) or 1.3 kg DM/(100 kg BW•d; low intake [LI]) of timothy hay in equal amounts every 3 h for 17 d. The digestibility and total tract mean retention time of digesta (tMRT) in the total gastrointestinal tract were measured from d 11 to d 15. To measure the mean retention time of digesta in each hindgut segment (sMRT), the horses were euthanized on d 17, after being fed a series of hay markers that were labeled with different rare earth elements. The digesta were collected from the ileum, cecum, right ventral colon (RVC), left ventral colon (LVC), left dorsal colon, right dorsal colon (RDC), and small colon (SC) to measure fiber digestibility, sMRT, VFA concentration, and fibrolytic activities. The digestibility of NDF and ADF in the total gastrointestinal tract was lower (P < 0.01) for HI than for LI. The cumulative disappearance of NDF and ADF from the ileum to the LVC attained 90% of total tract digestion regardless of hay intake. Values did not differ according to treatments in the ileum and the cecum but were lower (P < 0.01) for HI than for LI in the postcecal segments. This was caused by the smaller increase in the cumulative NDF and ADF disappearance from the cecum to the RVC for HI than for LI. The solid phase tMRT was shorter (P = 0.04) for HI than for LI. Although sMRT in the RDC and SC were shorter (P = 0.04 and P < 0.01, respectively) for HI than for LI, no differences were observed in the other hindgut segments. There was no difference between treatments in the total VFA concentration, VFA proportions, or the specific activity of carboxymethyl cellulase and xylanase in each hindgut segment. The fibrolytic activity for the cecum and RVC were greatest and decreased beyond the LVC. A clear relation between mean retention time and fiber digestion was observed in the total gastrointestinal tract, but the segments where a difference in sMRT was detected because of the intake were not the same as those with the fiber digestibility depression. Although the reduction in total tract fiber digestibility with increased feed intake was clearly shown to occur between the cecum and RVC, which were the main segments for fiber digestion, it could be explained neither by the sMRT nor by the fibrolytic activity in these segments.
INTRODUCTION
In horses, high feed intake shortens the mean retention time (MRT) of digesta in the gastrointestinal tract (Todd et al., 1995; Pearson et al., 2001; Miyaji et al., 2011) . The shortened MRT of digesta with increased feed intake is expected to decrease the fiber digestibility in horses, because the MRT of digesta can be a factor affecting fiber digestibility in herbivorous domestic animals (van Soest, 1982) . However, the results of research on the relationship between feed intake and fiber digestibility have been equivocal. Some researchers (Martin-Rosset and Dulphy, 1987; Todd et al., 1995; Pearson et al., 2006) did not find a decrease in fiber digestibility with an increase in feed intake despite a shorter MRT of digesta in the total gastrointestinal tract. In contrast, Ragnarsson and Lindberg (2010) and Miyaji et al. (2011) reported that increased feed intake decreased the fiber digestibility accompanying the shortened MRT of the total gastrointestinal tract. The reasons for the variation in fiber digestibility as feed intake increases are not well understood.
The site of fiber fermentation in equines can be divided into multiple segments, consisting of the cecum, the ventral colon, and the dorsal colon, each of which has different fermentation characteristics (de Fombelle et al., 2003; Varloud et al., 2004; Miyaji et al., 2008a) . In a particular segment, a greater feed intake may shorten the MRT and have adverse effects on fiber fermentation. However, little is known about the effect of feed intake on fiber fermentation and digesta retention in the hindgut segments. We hypothesized that higher feed intake would shorten the MRT and decrease the fiber digestibility in particular hindgut segments. In the present study, we investigated the effects of feed intake on hindgut segmental fiber digestibility, polysaccharide-degrading activity, and the MRT in horses fed grass hay.
MATERIALS AND METHODS
The methods of feeding management and euthanasia of horses in this study were approved by the Animal Care and Welfare Committee of Hokkaido University.
Animals, Diet, Management, and Experimental Design
Eight adult Thoroughbred horses, ages 8 to 16 yr with an average BW of 436 ± 13 kg at the start of the experiment, were used. Timothy hay was used as the experimental diet. It was harvested at the late vegetative stage from the Hokkaido University Shizunai Livestock Farm (Shinhidaka, Hokkaido, Japan) and kept in a warehouse until the start of the experiment. The OM, CP, NDF, ADF, and ADL contents of the hay were 93. 5, 11.6, 70.3, 39 .0, and 3.7% of DM, respectively. The hay was chopped to a length of 10 mm by using a forage cutter (SCF1840; IHI STAR Machinery Corporation, Chitose, Japan) to prevent selection feeding. The horses were randomly assigned to 1 of 2 groups (4 horses per group) and offered 2.0 kg (high intake [HI]) or 1.3 kg DM/(100 kg BW•d; low intake [LI]) of timothy hay corresponding to 1.5 or 1.0 times the energy maintenance level described in the Japan Feeding Standard for horse (Japan Racing Association, 2004) . The horses were housed in indoor concrete-floored individual stalls (4 by 4 m). They were fed 8 times a day (every 3 h) with equal portions of feed and allowed ad libitum access to fresh water and trace mineral salt blocks (containing 1,232 mg Fe, 150 mg Cu, 500 mg Zn, 500 mg Mn, 50 mg I, 15 mg Se, and 382 g Na/kg; Nippon Zenyaku Kogyo Co. Ltd, Koriyama, Fikushima, Japan). Any refused and uneaten spillage feed was collected at 0900 h each day before new fresh feed was offered. The experimental period lasted for 17 d, 10 d for the dietary adaptation feeding (adaptation period, d 1 to 10), 5 d for the total tract digestibility and total tract mean retention time of digesta (tMRT) measurement (total feces collection period, d 11 to 15), and 2 d for a series of feeding with hay differentially marked with rare earth elements for segmental MRT measurement (d 16 to 17). The horses were then euthanized.
Data and Sample Collection
During the collection period, the amount of feed offered and the refusals and feces excreted were weighed and recorded daily to measure feed intake and the total tract digestibility of the feeds. Feces were collected by hand from the concrete floor at 3-h intervals, stored in plastic containers, and then weighed and mixed per individual. Aliquot samples (20% of the total) of the feed, feces, and refusals were obtained daily and dried at 60°C in a forced-air oven to constant weight. All dried samples were ground to pass through a 1-mm screen to determine DM, CP, NDF, ADF, and ADL.
To measure the tMRT for the liquid phase and solid phase of digesta, Co-EDTA as a liquid-phase marker and hay labeled with Yb as a solid-phase marker were used. The Yb-labeled hay marker was prepared using the immersion method, as described by Mader et al. (1984) . Just before the first meal (0900 h) on the first day of each collection period, the horses were fed the Yb-labeled hay marker (100 g, as-fed basis) and Co-EDTA (5 g) by mixing with 5% of their first meal. These marked feeds were consumed within 10 min. Fecal samples were collected at 3, 9, 12, 15, 18, 21, 24, 27, 30, 33, 36, 39, 42, 45, 48, 54, 60, 72, 96 , and 120 h after feeding with the hay marker and dried in a forced-air oven for subsequent Yb and Co measurement.
To measure MRT of digesta in each hindgut segment (sMRT), from d 16 to 17, the horses were fed a series of hay markers labeled with the following rare earth elements: Ce, Pr, Sm, Er, Nd, Ho, Dy, Yb, Gd, and La. These hay markers were prepared using the immersion method (Mader et al., 1984) . Just before each meal at 48, 42, 36, 30, 24, 18, 12, 9, 6 , and 3 h before euthanasia, the horses were fed hay labeled with Ce, Pr, Sm, Er, Nd, Ho, Dy, Yb, Gd, and La (100 g, as-fed basis), respectively, by mixing with 5% of each meal. The horses were euthanized after the series of hay marker feedings. To euthanize horses, xylazine (5 mL; Selactar; Bayer Yakuhin, Tokyo, Japan) was injected as a sedative, and general anesthesia was induced by pentobarbital sodium (Nembutal; Dainippon Sumitomo Pharma Co. Ltd., Osaka, Japan; 10 mg/ kg BW) in a vein. The horses were then administered an overdose of pentobarbital and magnesium sulfatesaturated solution in a vein. After exteriorization of the gastrointestinal tract, the ileum, cecum, right ventral colon (RVC), left ventral colon (LVC), left dorsal colon (LDC), right dorsal colon (RDC), and small colon (SC) were isolated with ligatures at both ends and removed. The total digesta in the ileum, cecum, RVC, LVC, LDC, RDC, and SC were recovered and weighed. Digesta samples (500 to 1,000 g) in each segment were taken, dried at 60°C, and ground to pass through a 1-mm screen to determine DM, NDF, ADF, ADL, and rare earth elements. Samples of the liquid fraction of the digesta in each hindgut segment were taken by squeezing through a nylon mesh (47-μm aperture) at the same time as the digesta sampling. Immediately after this sampling, a portion of the liquid was stored at -20°C until VFA and ammonia analysis, and the other portion was frozen at -80°C for the measurement of carboxymethyl cellulase (CMCase) and xylanase activities.
Chemical Analysis
The feed, refusals, feces, and digesta samples were analyzed for DM, CP (N × 6.25), NDF, ADF, and ADL. The DM was examined by drying the sample at 135°C for 2 h after drying at 60°C for 24 h. The Kjeldahl N was determined using the AOAC International (2000) method (984.13). The NDF, ADF, and ADL were analyzed using the methods reported by van Soest et al. (1991) . Concentrations of rare earth elements and Co in the feces and digesta samples were determined using an inductively coupled plasma spectrometer (SPS5600; Seiko Instrument, Chiba, Japan) after digestion with 2:1 nitric:perchloric acid. A 5-mL subsample of the digesta liquid sample was mixed with 25% meta-phosphoric acid, and the resultant fluid samples were centrifuged at 20,000 × g for 10 min at 4°C. The supernatants were used for the analysis of VFA with gas chromatography (GC-14B; Shimadzu, Kyoto, Japan) using a column (ULBON HR-20M; Shinwa Chemical Industries, Kyoto, Japan) with column temperature of 150°C, injection temperature of 150°C, and carrier gas (N 2 50 mL/min). Another 5-mL subsample was mixed with 1% sulfuric acid and then analyzed for ammonia-N (Weatherburn, 1967) . The CMCase and xylanase activities were determined according to the methods of Martin and Michalet-Doreau (1995) . To calculate the enzyme activities, we used the amounts of reducing sugars liberated from purified polymers (carboxymethylcellulose, Sigma C-5678; Birchwood-xylan, Sigma X-0502; Sigma Aldrich, St. Louis, MO) after incubation with cellular extracts. Reducing sugars were quantified spectrophotometrically at 550 nm. The protein content of the enzyme preparations was determined using a commercial kit (Bio-Rad Protein Assay; Bio Rad, Hercules, CA). Enzyme activities are expressed as specific activities (as the quantity of reducing sugar released per milligram of protein per minute).
Calculations and Statistical Analyses
Total tract MRT was calculated as MRT = Σ(M i × t i )/ ΣM i (Blaxter et al., 1956) , in which M i is the amount (g) of marker excreted in the ith interval and t i is the time (h) elapsed between the dosing of the markers (time zero) and the middle of the ith collection interval. Segmental MRT was calculated using the equation of Miyaji et al. (2008b) , which is based on the equation by Blaxter et al. (1956) . The NDF and ADF digestibility from ingestion to each segment was calculated using the following equation: digestibility (%) = 100 × [(FD/LD) -(FS/ LS)]/(FD/LD), in which LD is the ADL content (% of DM) of the diet, LS is the ADL content (% of DM) of digesta in the segment, FD is the contents (% of DM) of NDF or ADF in the diet, and FS is the contents (% of DM) of NDF or ADF in the digesta in the segment.
Data on all variables were analyzed using the MIXED procedure of SAS (SAS Inst. Inc., Cary, NC). Data on intake, digestibility, and MRT in the total tract and digesta weight, VFA concentration, polysaccharide-degrading activity, MRT, and digestibility in each hindgut segment were analyzed using the following model: Y ij = μ + α i + β j + ε ij , in which Y ij is the dependent variable, μ is the overall mean, α i is the fixed effect of feed intake i, β j is the random effect of horse j, and ε ij is the random residual error. A P value <0.05 was considered statistically significant.
RESULTS

Feed Intake, Total Tract Digestibility, and Total Tract Mean Retention Time of Digesta
The DMI was greater in the HI group compared to the LI group (P < 0.001; Table 1 ). The total tract apparent digestibility of DM, NDF, and ADF was lower (P < 0.001) for the HI group than the LI group. The treatment intake did not affect the total tract CP digestibility. The solid phase tMRT was shorter for the HI group than the LI group (P = 0.011). No difference in the liquid phase tMRT was observed.
Digesta Weight in the Hindgut Segments
The digesta fresh weights in the cecum were greater in the HI group compared to the LI group (P = 0.045) with no treatment effect in other segments (Fig. 1) . The DM weights of digesta in the cecum, RVC, and LVC were greater in the HI group compared to the LI group (P = 0.001, P = 0.010, and P = 0.040, respectively). There were no differences between the treatments in the DM digesta weights in other hindgut segments.
Hindgut Segmental Fermentation Characteristics
The concentrations of total VFA in each hindgut segment were not influenced by the intake treatment ( Table 2 ). The average concentrations were 62.5, 89.4, 86.4, 65.8, 67.8, and 38.7 mM in the cecum, RVC, LVC, LDC, RDC, and SC, respectively. There were no differences in the acetate, propionate, or butyrate concentrations in each hindgut segment between the treatments. The ammonia-N concentration in the RDC was greater for HI than LI (P = 0.005), but no differences in the other hindgut segments between treatments were detected.
Hindgut Segmental Fibrolytic Activity
No intake treatment effect was observed on the CMCase activity in the liquid phase digesta of the hindgut segments. The average values were 100.0, 102.5, 58.3, 26.0, 29.2, and 22.1 nmol reducing sugar/(mg protein•min) in the cecum, RVC, LVC, LDC, RDC, and SC, respectively (Fig. 2) . The xylanase activity in the liquid phase digesta of the hindgut segments was not affected by the intake treatment. The average values were 404.5, 500.7, 315.6, 133.6, 157.4, and 121 .2 nmol reducing sugar/(mg protein•min) in the cecum, RVC, LVC, LDC, RDC, and SC, respectively.
Mean Retention Time of Digesta in Each Hindgut Segment
The intake treatment did not affect the sMRT of digesta in the front segments of the hindgut (cecum, RVC, LVC, and LDC; Table 3 ). The sMRT of digesta in the RDC and SC were shorter in the HI group compared to the LI group (P = 0.044 and P = 0.004, respectively). The MRT in the total hindgut was also shorter for HI than LI (P < 0.001).
Apparent Fiber Digestibility in the Hindgut
There were no differences between treatments in the digestibility of NDF and ADF in the ileum and cecum (Table 4 ). In the postcecal segments (from the RVC to the SC), digestibility values were lower (P < 0.01) for HI than LI. The digestion of NDF and ADF mostly occurred in the cecum, RVC, and LVC, accounting for 90% of total tract digestion. The NDF and ADF digestion in the LDC, RDC, and SC was slight regardless of grass hay intake. The differences in NDF and ADF digestibility between the cecum and RVC were lower (P < 0.001) for HI than LI; however, no treatment effect was observed between the other segments (Fig. 3) .
DISCUSSION
In the present study, the horses were fed 8 times a day (every 3 h) with equal portions of feed because they had to be fed a series of hay markers at 3-h intervals (at 12, 9, 6, and 3 h before being euthanized) for the measurement of the sMRT. This feeding schedule was unique and different from those of previous studies that examined the effect of feed intake on digestion or MRT or both (Martin-Rosset and Dulphy, 1987; Todd et al., 1995; Pearson et al., 2001 Pearson et al., , 2006 Miyaji et al., 2011) . On the other hand, Houpt et al. (1988) reported that the feeding frequency did not affect digestibility or passage rate, and therefore this particular feeding schedule (8 times a day) would have little impact on the effect of feed intake on digestion and MRT in the present study.
We used 10 different types of rare earth elements to measure the MRT in each segment in this study. Moore et al. (1992) reported that the measurement of the MRT and the passage rate was not affected by the type of rare earth element administered. We therefore feel that the use of these rare earth elements did not affect the calculation of MRT in each segment in the present study.
The current study clearly showed that the solid phase tMRT was shorter for the HI than for the LI of grass hay and that it was reduced by 9.7 h (28%) with a 1.5-fold increment in DM intake. This result is similar to the findings of Todd et al. (1995) who reported that tMRT was reduced by 9.3 h (38%), with 1.4-fold increment of DM intake in horses fed alfalfa cubes and concentrate, and to those reported by Pearson et al. (2001 Pearson et al. ( , 2006 who showed that the tMRT was reduced by 2.7 to 9.2 h (9 to 30%), with 1.3-to 2.2-fold increments of DM intake in horses fed oat straw, alfalfa hay, ryegrass hay, or barley straw, and Miyaji et al. (2011) who showed that the tMRT was reduced by 2.2 to 4.6 h (8 to 16%), with 1.3-to 1.5-fold increments of DM intake in horses fed timothy hay. The anatomical shape of the equine gastrointestinal tract, except for the stomach and cecum, is described as tube-like (Stevens and Hume, 1998) . In equine species, which develop tube-like segments where digestion takes place, the passage rate could be easily affected by feed intake. The horse has multiple tube-like hindgut segments, namely the RVC, LVC, LDC, RDC, and SC; therefore, a greater feed intake is expected to reduce the MRT in each of these hindgut segments. However, in the present study, a reduced sMRT because of the HI of grass hay was detected only in the RDC and SC and not in segments farther down the hindgut. In RVC and LVC, the digesta DM weight was greater for the HI than for the LI treatment. In the tube-like hindgut segments, a greater feed intake is expected to increase both the digesta inflow from the forward segment and the digesta outflow to the rearward segment and then reduce the sMRT. In the ventral colon, however, the greater feed intake did not increase the digesta outflow passage rate, and it increased the digesta contents. The increased ventral colon digesta content with a HI may inhibit the increase of the digesta outflow and thus interfere with the sMRT.
Research results on the effect of feed intake on fiber digestibility in horses have been equivocal. Pearson et al. (2001 Pearson et al. ( , 2006 reported that feed intake did not affect the fiber digestibility in horses fed alfalfa hay, oat straw, and ryegrass hay, although they observed that the greater feed intake shortened the total tract MRT. Todd et al. (1995) , Martin-Rosset and Dulphy (1987) , and Martin-Rosset et al. (1990) also reported that feed intake did not affect the fiber digestibility in horses fed alfalfa cubes and concentrate. In contrast, the present study's results showed that the total tract apparent digestibility of fiber was lower for the HI compared with the LI treatment in horses fed early cut timothy hay (at the late vegetative stage). Ragnarsson and Lindberg (2010) also reported that a high feed intake decreased the fiber digestibility in horses fed timothy haylage cut at an early stage. Moreover, Miyaji et al. (2011) showed that high feed intake decreased the total tract digestibility of fiber in horses fed early cut hay, which was harvested at the same stage as the hay used in the present study. However, the horses fed late cut hay in their study did not show a difference in fiber digestibility between high and low feed intake. Therefore, they suggested that greater feed intake might increase the amount of undigested fiber passing through the fermentation sites and decrease the fiber digestibility in horses fed high potentially digestible fiber diets. The potentially digestible fiber contents of feeds could affect the variation in the degree of digestibility depression as intake increases.
In general, the MRT can be a factor affecting fiber digestibility in herbivorous domestic animals (van Soest, 1982) . A shorter solid phase tMRT could be associated with lower fiber digestibility. In the present study, the high feed intake decreased both the tMRT and the total tract fiber digestibility. These data indicated that the shortened tMRT with increasing feed intake reduced the fiber digestibility in the horses. However, the shortened tMRT with HI was attributable to the depression of the sMRT in the RDC and SC, and these segments had little contribution to fiber digestion in the present study. This is consistent with the results of Varloud et al. (2004) and Miyaji et al. (2008a) . We found that the site within the gastrointestinal tract where the fiber digestibility depres- sion occurred with the HI treatment was between the cecum and the RVC. Therefore, the segments where a difference in the sMRT because of the intake was detected were not the same as those with fiber digestibility depression. Therefore, competition between the sMRT and fiber digestion in a particular segment of the hindgut cannot explain the reduction of total tract fiber digestibility with high hay intake. On the other hand, Jouany et al. (2008 Jouany et al. ( , 2009 reported that the decreasing fiber digestibility with high starch intake was caused by the lower polysaccharidase activities in the cecum and RVC. Therefore, the lower fiber digestibility with HI is expected to be related to the lower fibrolytic activities in the cecum and ventral colon. However, in the present study, no effects of hay intake were observed on the VFA concentration or fibrolytic activity within these segments, which are the main sites for fiber digestion. These results indicate that the reduction in fiber digestibility with high hay intake could not be explained by the shorter sMRT or the fibrolytic activity in the cecum or the ventral colon. The lower total tract NDF and ADF digestibility in the HI group was caused by the much smaller increase in NDF and ADF cumulative disappearance from the cecum to the RVC (NDF, 1.9% and ADF, 2.8%), when compared with the LI group (NDF, 13.6% and ADF, 12.5%). This indicates a similarity in the chemical composition of digesta between these segments. Therefore, given the similarity of digesta components between the cecum and the RVC at a high feed intake, it is likely that most RVC digesta flowed directly from the ileum without cecal digestion. de Fombelle et al. (2001) also suggested that by overfeeding barley, barley grain flows quickly through the cecum. In the present study, the weight of the cecum digesta was greater for the HI-fed horses than for the LI-fed horses, and the cecal digesta content could be practically full with HI. The greater cecal digesta content with increasing feed intake could thus prevent digesta inflow into the body and the base of the cecum from the ileum because of the anatomy (sac-like shape) of the cecum. The high hay intake may increase the amount of digesta that bypasses the cecum and flows directly into the RVC from the ileum without cecal digestion, thus decreasing the fiber digestibility. Such digesta bypassing systems were not substantiated in the present study. Moreover, the sMRT determined with the methods in our study was not precise enough to detect such a bypass mechanism between the ileum, cecum, and RVC.
In the present study, the digestion of fiber in the cecum and ventral colon attained 90% of the total tract digestion, and the fibrolytic activity was greatest in these segments. Varloud et al. (2004) found similar results for fiber digestibility when horses were fed starch and sugar pellets and forage. Miyaji et al. (2008a) also reported that the fiber digestion occurred mostly in the cecum and ventral colon in horses fed grass hay or silage. These findings indicate that the cecum and ventral colon are the main segments for fiber digestion in horses, regardless of intake or diet. The digestibility of fiber in the dorsal colon was extremely low in horses fed pellets (Varloud et al., 2004) or grass hay or silage (Miyaji et al., 2008a) and in the present study. The horses did not digest fiber in the RDC regardless of diet or intake. This lower fiber digestibility in the dorsal colon could be caused by the lower fibrolytic activity in this segment.
We observed that the high feed intake decreased both the total tract fiber digestibility and the MRT, thus showing a clear relationship between the MRT and fiber digestion in the total gastrointestinal tract. However, the segments where a difference in the sMRT because of the intake was detected were not the same as those with fiber digestibility depression. In addition, no clear relationship between fibrolytic activity and fiber digestion was observed in the different segments of the hindgut. Although the reduction in fiber digestion between the cecum and the RVC was clearly attributable to the depression of the total tract fiber digestibility with increased feed intake, the reduction could not be explained by the sMRT or by the polysaccharide-degrading activity in these segments. Further investigation is needed to quantitatively determine the dynamics of digesta passage in the cecum and RVC, including the bypassing pathway.
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